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PHYSICAL PHENOMENA IN FLOWING PLASMA S AND AT

AT HIG H MAGNET IC FIELDS

1.0 INTRODUCTION

This report summarizes the research completed under AFOSR Contract

F44620—76—0024 for the period 15 February 1976 to 15 February 1978. Since

the results of this research have been described in detail in various publi-

cations, this report will give only brief accounts of these investigations.

A summary of research results is presented in Section 2.0 and a list of

publications and reports is given in Section 3.0.

2.0 SUMMARY OF RESEARCH

Work accomplished under this contract has resulted in 2 articles that

have appeared in publications that operate under some form of referee system.

In addition one AFOSR Scientific Report has been published. Experimental

and theoretical work has been done in three main areas; research related to

MIlD power generation , to combustion diagnostics , and to high power CO gas

lasers. In the first area , work has been directed toward the development and

testing of a four—pin probe for space and time resolved electrical conduc-

tivity measurements in MED plasmas. In the second area, the feasibility has

been demonstrated of using tunable high—resolution laser spectroscopy for

measuring the concentrations of infrared active species in combustion gases.

In the third area, measurements have been made of the vibrational non—

equilibrium in a supersonic expansion of CO. The following sections

summarize the work accomplished in each of these areas.

I 
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2.1 Measurements of Electrical Conductivity of MED Plasmas with Four—
Pin Probes

The 4—pin probe consists of four exposed tips of tungsten (or other heat

resistant metal) wire in a linear array immersed in the plasmas as shown in

Figure 1. If the relationship between the outer pin current i and inner

pin voltage difference óV. is linear, then óV. — 6V =
inner inner offset

(k
probe

) ( i/o ) (i) , and the conductivity o may be obtained as the slope of

the i—6V . characteristic of the probe divided by the probe constantinner

k b .  This la t ter  quant i ty  incorporates the geometry and detailed current

distr ibution pattern around the pins , and is determined experimentally b y

measuring the probe ’s response when the probe is immersed in a non—flowing

salt water solution whose conductivity is accurately known. Even when

i 0, 6V. = iSV is nonzero, and represents unavoidable differencesinner offset

in contact potential between the inner pins and the plasma. The assumptions

that (a) the probe ’s i—iSV . characteristic is linear, and (b) the probe
inner

constant k found empirically in non—flowing salt water remains valid
probe

when the probe is placed in a flowing plasma, are assumptions which must be

experimentally verified in order to demonstrate the desired accuracy of the

4—pin probe method .

Accordingly, one major goal of the work with 4—pin probes has been to

i.westigate to what extent the indicated reading of the probe is sensitive

to “flow effects”; in particular to (a) the magnitude of the flow velocity,

and (b) the angular orientation of the pins with respect to the flow direc-

tion. To vary the flow velocity, a long probe is inserted axially (by a

mechanical translating mount) into a slowly converging subsonic nozzle, as

indicated in Figure 2a. The mount also rotates so as to vary the orientation

of the pins, as shown in Figure 2b.
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During the course of our experimental work it became evident that the

arc je t  and seeding system emp loyed was not capable of producing a plasma

source as accurately steady and uniform as was desirable. Changes in the

conductivity could occur irregularly and for reasons unrelated to the 4—p in

probes. To deal with this problem , it was decided to operate two 4—pin

probes simultaneously employing one fixed—position probe to monitor changes

in the “background conductivity ” and one mobile probe (as in Figure 2) to

use in studying flow effects. Because of the changing background conduc-

tivity and the need to acquire data fairly quickly it became apparent that

it would be desirable to have a suitable electronic signal processing system

wh ich woul d permi t a continuous s tr ipchar t reco rding of a s ignal , coming

from each probe , which is directl y proportional to the indicated conduc-

tivity (i.e. proportional to the slope of the i—iSV . characteristic of
inner

the probe). The development of this electronics package for “con tinuous

readout” of conductivity has been another major objective of the work.

The linearity of the 4—pin probe response was investigated in several

experiments by slowly sweep ing the outer pin app lied voltage , 6V
~~~~~~

, and

tracing the i—iS V. characterisics on an XY plotter. Nonlinear charac—
inner

teristics and even an apparent hysteresis effect were routinely observed ,

but it was found that good linear i—iSV . characteristics could indeed
inner

be achieved by restricting iSV
~~~ 

to values between roughl y ± 1/2 volt

and ± 1 volt.

The slopes of these linear i—iSV . plots yielded values of conduc—
inner

tivity of the order of 20 mho/m , which were consistent wi th the seed concen-

tration and gas temperature employed. However , even when the probe current

i went to zero, there remained an appreciable non—zero inner pin voltage

5 



Probe Current,
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Actual a is
With probe operated in the proportional to
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is propor tional to this
slope

True Zero 
____________ /

/
iSV .

/ iSV inneroffse t
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~~ Experimental Trace

Figure 3. Typical i—iSV Plot for 4—pin Probe.inner
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difference iSV (c.f. Figure 3). The value of iSV was not pre—o f f s e t  o f f s e t

dic table , vary ing somewhat slowly with time and from one probe to another.

The fact that iSV is finite and unpredictable means that one cannotoffse t

operate the 4—pin probe in the DC mode (e.g. by app lying a constant voltage

betwee n the oute.. p ins) without incurring possibl y ser ious errors in the

indicated value of conductivity, as illustrated in Figure 3.

The final solution to the problem of iSV and the obtaining of aof f se t

continuous conductivity readout was achieved with the electronics configu-

rat ion whose block diagram appears in Figure 4. A brief explanation of the

function of each of the components is given below , and Fi gure 5 shows samp le

waveforms obtained at each station in the signal processing chain , using a

dummy probe.

The probe is excited by a floating AC power source at frequencies of

the order of 20 kHz . The probe is required to be comp letel y floa t ing to

avoid curren ts passing throug h the p lasma to grounded par ts of the p lasma

generator system. The excitation frequency of roughly 20 kHz was chosen to

lie well above the highest frequencies of the naturally occurring turbulence

in the f low (approx imately 2 kHz , as dete rmined experimentally) but well below

RF frequencies at which capacitative and inductive impedances of the cables

and circui t components would become appreciable.

The differential amplifiers maintain the isolation of the probe off

ground and amplify the actual signals V and iSV. (typ ically a
shunt inner

few tens of millivolts) to the level of several volts for greater ease in

subsequent processing.

The high pass filters play the important role of blocking any low—

frequency noise (in particular , the undesirable iSV 
~~ 

and passing only

7
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those high—frequency components of the signals , which are due exclusivel y to

the probe exci ta t ion mechanism. (Compare the lower traces on Figures 5B and

5C.) The signals emerg ing from these f i l t e r s  have the form of a “carrier ”

wave (at the excitation frequency, say 20 kHz) modulated in amplitude by the

conductivity fluctuations , and are symmetric about ground potential. For the

case where the exci ta t ion frequency is 20 kHz , the h igh pass f i l t e r  cu to f f

frequency would be set typically at about 10—15 kHz.

The next two components——rectifier followed by low pass filter——perform

the function of demodulating this signal and produce a positive d.c. signal

whose magnitude changes in accordance with variations in the conductivity.

There is one such s ignal arising from the probe current flowing through the

shunt resistor and another from the inner pin voltage difference , each

amplified by some constant gain from the electronics. If the probe is oper-

at ing in the linear portion of its i— iS V.  characteristic , the quotient ofinner

these two signals will be directly proportional to the slope of the character-

istic , and hence to the plasma conductivity. For the case where the excita-

tion frequency is 20 kHz, the low—pass filter would be set typically at

5—10 kHz.

According ly, the processed i and iSV . signals are sent (after
inner

passing first through variable gain amplifiers which permit the operator to

adjust the signal levels to suitable values) into the numerator and denominator

inputs of an analog divider circuit , whose output signal (being the quotient

of the inp ut signals), is thus proportional to o. The final low pass filter

stage which serves to “smooth out” any conductivity fluctuations which are

too rapid to be followed by the pens of the stripchart recorder. With thiq

system , continuous monitoring of the conductivity, as indicated by both the

10
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fixed and mobile 4—pin probes, is obtained on a single stripchart , together

wi th si gnals from position transducers which moni tor  the axial , radial , and

angular positions of the mobile probe. In addition , t ime—resolved measure-

ments of a may be made by tape recording the divider output before it is

sent through the final “smoothing” low pass filter.

Once the final electronics configuration was implemented , a number of

experiments were done using this sytem to make both time—averaged and time—

resolved measurements of a. The main conclusions which we have drawn about

four—pin probes in the course of this research are as follows:

• The i—iSV characteristics of the four—pin probes used remained linear

if the voltage applied to the outer pins was maintained below approximately

1 volt. Depending on the particular probe geometry , the corresponding cur-

rent densities at the outer pin surfaces were less than approximately 0.1

amp/cm
2 

to 0.2 amp/cm
2
. The criterion V ~ 1 volt seemed to be the

outer

most practical and reliable rule of thumb for ensuring linearity.

• Even when no current passes between the outer electrodes , a finite and

fluctuating voltage difference iSV 
~~ 

appears between the inner pins;

this fact requires that the probe not be operated with d.c. current if

erroneous results are to be avoided.

• When excited at frequencies well above the highest naturally occurring

conductivity fluctuation frequencies in the flow, the four—pin probe system

described in this report appears to yield reliable and accurate time—resolved

data on conductivity fluctuations (accurate in the sense that all statisti—

cal parameters characterizing the fluctuations are accurate , with the excep—

tion of the mean value of a).

11
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• With the method of immersion in electrolyte solutions to calibrate

the probes, k can be found only to a precision of approximatel y 5% to 10%

(depending on the probe used).

• For a fixed probe orientation, t.e indicated conductivity a . -indic

decreases as the magnitude of the flow velocity u of the plasma increases.

Experiments showed a drop of approximately 50% in 0indic 
as u increased

from about 10 rn/sec to 100 m/sec.

• For a fixed flow velocity, a. - appears to decrease as the flow
indic

d irect ion changes from “end—on ” towards a sidewise orientat ion re la t ive to

the pin.

• The present work has not studied possible effects of the size and

geometry of the probe on °~~d
• ’  but has restricted attention mainly to a

particular probe in the “end—on” configuration ; nevertheless , it has shown

that with careful , detailed measurements it is possible , for any particular

probe and orientation , to produce an empirical curve of a . - /o vs. u
indic u o

which can be used as a flow—effect calibration curve , i.e., to provide a

correction to a. - which would yield an accurate measure of the true local
m d  mc

conductivity at any velocity.

• In the absence of such detailed flow—effect calibration measurements as

are mentioned in the preceding conclusion , it would be unwarranted (based on

the data obtained in this work) to claim high absolute accuracy for any

particular four—pin probe used in flowing MIlD plasmas, since the indicated

conductivity may be as much as a factor of two or three lower than the actua l

conductivity.

12



2.2 High—Resolution Spectroscopy of Combustion Gases Using a
Tunable Infrared Diode Laser

Tunable infrared diode lasers are well suited for in situ measurements

of species concentrations and temperature in combustion gases. These lasers

are also a powerful tool for determining spectroscopic parameters needed to

describe the spectral characteristics of radiation from high temperature gases,

such as found in engines, exhausts and plumes. The diode laser serves as a

source of narrow—linewidth (l0~~ cm
1) infrared radiation whose wavelength

can be rapidly modulated (> l0~~ con 
1/microsecond) to perform fast, high—

resolution absorption spectroscopy. The complete fully—resolved absorption

profile of a single vibration—rotation line can thus be quickly recorded , and

from this one can infer the partial pressure of the absorbing species and the

lineshape parameters describing the absorption line. Temperature can also

be determined by measuring the relative absorption in adjacent lines origina—

ting from different vibrational levels. The ability to rapidly modulate

the laser suggests that the technique can also be applied to studies of

transient combustion phenomena.

Advantages of tunable diode laser absorption spectroscopy are its

simplicity, high sensitivity, hi gh spectral resolution (orders of magnitude

improvement over conventional ir spectroscopy), and its fast modulation

capability. The primary limitation , for some applications , is that is is a

line—of—sight method. Initial work with the diode laser has demonstrated

the feasibility of diode laser techniques for measuring species concentra-

tions, temperature , and the fundamental spectroscopic parameters of line

strength and collision halfwidth in laboratory combustion systems.

13 
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Experiments have been conducted in a f l a t  flame burner and in a

shock tube . In the flame experiments , the laser was used to perform high—

resolution spectroscopy of CO and NO vibration—rotat ion transitions

(ne ar 5 microns ) in the postf lame reg ion of a laminar , premixed atmospheric—

pressure propane—air flame . Results with CO include fundamental data for

l ine strengths and collision ha l fwid ths  as well as determinations of species

concentrations and temperature. The measured concentrations agree well with

calculated values, and the measured temperatures agree well with thermocouple

measurements. In the shock tube experiments , high—resolution absorption

spectroscopy of shock—heated CO was performed using the test time available

behind an incident shock wave. Both sets of experiments were executed by

rapidly varying the diode laser wavelength across the full width of isolated

vibration—rotation lines and recording the transmitted laser intensity as a

function of time (wavelength) on an oscilloscope.

A typical experimental result for a fully resolved CO absorption line

in the flat flame is shown in Figure 6. The experiment was performed by

modulating the laser across a single CO line (v = 2 1, P(lO) at v =

2077.0 cm~~) under fuel—rich 
(~ = 1.36) conditions where the CO concentra-

tion was known. The measured gas temperature was 2066 K. The transmitted

laser intensity for a single scan of the laser was normalized and converted

to a spectral absorption coefficient using Beer ’s law. Figure 6 provides a

comparison between the measured lineshape and a lineshape calculated assuming

a Voigt profile. The data can be used to infer a line—strength ES(T) = f~d’u1

and collision ha lfwid th  y under combustion conditions . The predicted

absorption coefficient assuming a Voigt profile and using the inferred values

14
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of S and y agrees well with experiment. Having verified the suitability

of Voigt profiles and having determined S(T) and y(T), the same experiment

can be performed to measure the CO concentration under conditions where it

is not known.

2.3 Measurement of Vibrational Population Distributions in a

~~~ersonic Expansion of Carbon Monoxide

Over the last twenty years, the phenomenon of vibrational relaxation

of diatomic molecules has been an active research area. Initial measure-

ments of the relaxation rates of vibrational energy were performed in shock

heated gases (vibrational excitation flows), and it was found that these

measurements could be adequately interpreted within the framework of the

Landau—Teller theory [1] of vibrational relaxation of a harmonic oscillator.

These data were reviewed in 1963 by Millikan and White [21 , and a more

recent review is available in Ref. 3.

Subsequently, measurements of vibrational relaxation rates in de—excita—

tion flows were performed, the non—equilibrium state being created by the

rapid expansion of a high enthalpy flow to supersonic conditions. It was

found that if the relaxation of vibrational energy were modeled with Landau—

Teller  theory , a relaxation rate was inferred which was larger than that

measured in an excitation flow. It has been customary to quantify the

difference between the shock tube and expansion relaxation rates in terms of

the ratio ~ 
= (t ) / (t  ) , where (-r ) is the characteristic relaxation

v t s  v t e  v t s

time measured in a shock tube flow and (r ) is the corresponding value
Vt e

measured in an expansion flow. Values of $ have been reported in the

range 5 < 
~~~ for N

2 
and CO (see, for example, Refs. 4 and 5), and

this series of experiments has been reviewed by Hurle [6]
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The dispari ty  in the values of vibrational relaxation rates measured in

excitation and dc—excitation flows stimulated a reformulation of vibrational

kinetics in terms of the anharinonic model of vibrational relaxation [7].

The two models of vibrational relaxation predict significantly different

characteristics for the vibrational kinetics in a de—excitation flow . The

Landau—Teller theory results in an approach to equilibrium via a continuous

sequence of Boltzmann distributions of the vibrational level populations [8,91

whereas the anharmonic model predicts the occurrence of non—Boltzmann popula-

tion distributions , the degree of non—Boltzmann behavior being dependent on

the degree of nonequilibriuin and the flow history [10—14].

At the initiation of the present study , a significant body of evidence

had been compiled that indicated the existence of non—Boltzmann distribu-

tions in vibrational dc—excitation flows. These studies, which are reviewed

in Ref. 15, included the operation of several different CO laser devices

(gasd ynamic, elec tric discharge and gasdynamic—elec tric discharge), and

measurement of non—Boltzmann vibrational distributions in CO—N
2 

microwave

discharges. The modeling of these flows with the anharmonic model was

successful in predicting the general qualitative features of the distribution

functions observed in the corresponding experiments.

These results yielded strong support for the anharmonic description of

vibrational kinetics in a supersonic expansion. However , the diagnostics

used in the dc—excitat ion experiments conducted prior to the init iation of

the present  study were not designed to accommodate a non—Bo ltzmann distri-

bution . The interpretat ion of these measurements when non—B oltzmann distri-

butions exist is discussed by Center and Caledonia [16], and the conclusion

that can be drawn is that the diagnostic techniques that have been used do
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• not provi de enough information to determine the vibrational state of the

gas in the absence of a Boltzmann distribution. Consequently, the values of

$ obtained may not be good quantitative measurements of the actual relaxation

rate. The major significance of these measurements is that their apparent

discrepancy with the Landau—Teller model indicated a gap in the basic under-

standing of vibrational de—excitation of the kinetics and has led to a more

comprehensive model of vibrational energy transfer processes. Recent

measurements [17] of the vibrational populations in the dc—excitation flow

of a CO gasdynatnic—electric discharge laser have confirmed the existence of

non—Boltzrnann populations , in agreement with the results of the present study

and predictions of the anharononic theory.

The present study was undertaken to make an unambiguous determination

of the vibrational state of carbon monoxide following a rapid supersonic

expansion. The experimental technique employed was the measurement of

individual vibrational populations. It was felt :hat these measurements ,

along with modeling of the flow with the anharmonic model , would yield

insigh t into defining the important collisional mechanisms in the vibrational

relaxation of a high—enthalpy expansion of a diatomic gas.

The experimental facility consisted of a supersonic nozzle and diffuser

coup led to a 300 kW arc heater , providing test times of several hours

durat ion. Arc—heated argon was seeded with CO downstream of the discharge

and then expanded through the nozzle. At the nozz le ex it , spectra lly

resolved measurements of the CO first overtone vibrational—rotational

radiation were obtained with a scanning monochromater, and vibrational

distribution functions where determined from these spectral records. A series

of five experiments were performed with stagnation temperatures from 2000—3000 K,

18
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and distribution functions were measured up to vibrational quantum numbers

of 9 to 10. Non—Boltzmann distributions were observed in good agreement

with predictions of the anharmonic model. The vibrational energy in the flow,

an determined by the distribution function, did not indicate an anomalously

high vibrational energy relaxation rate. The vibrational relaxation rates

inferred from the present experiments agree with those measured in shock tube

flows within the uncertainty of the measurements.
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